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Antigen challenge of r a t s  and rabbits previously sensitized to the

same protein antigen has been demonstrated by Kampschmidt and Pulliam (1)

to induce depressions in plasma zinc and iron concentrations. However ,

these au thors  did not determine if the depressions of plasma trace metals

which occur during hypersensi t ivi ty  reactions are the result of

redistribution of the metals from plasma to liver. Such redistribution

has been documented in infectious disease (2), inflammation (3), and

endotoxemia (4) .

Our recent investigations into the mechanisms involved in the

hypozincemia of bacterial infections (5), inflammation (6) and endotoxemia

(7) have shown tha t induction of hepatic metallothioneins (MT) in rats is

an integral part of the redis t r ibut ion of zinc from plasma to liver which

occurs in these conditions . Due to their high number of ha i f—cystinyl

residues , MT possesses a rather unique abi l i ty  to sequester various

bivalent metals such as z inc , cadmium , and mercury as mercaptide complexes

(8) . Considerable evidence has accumulated which indicates that the

synthesis of hepatic MT is inducible and mediated at the transcriptional

level (9) . These proteins are currently under intensive investigatio n

in an a t t empt  to delineate their biological f u n c t i o n ( s ) .

The present study was performed to determine whether zinc accumulates

in the liver during hypersensitivity reactions and if so to what extent

thia is dependent on the induction of hepat-ic MT synthesis . In addition,

the influence of hypersens itivity reactions on the plasma concentrations

of iron was simultaneously assessed .
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Materials and methods

Male Fisher Dunning rats weighing 234.± 3 g (mean ± SEM) were used
after a minimum of 1 week acclimation under controlled environmental

conditions as previously described (5). Food (Wayne Lab—Blox , Allied

Mills) and water were provided ad libitum.

Hypersensitivity reactions were produced esaentially by the procedure

described for rats by Kampschmidt and Pulliam (1) except that in one

series of experiments a larger sensitizing dose of protein antigen was

used . Br ie f ly,  a solution of bovine serum albumin (BSA , Sigma) in sterile

water was prepared to contain 100 mg/mi and emulsified with an equal

volume of Freund ’s complete adjuvant (Difco). A 0.1 ml aliquot of this

suspension was injected sc into either one or both hind foot pads to

achieve sensitizing doses of 5 and 10 mg respectively. Rats were

challenged 14 days later by ip administration of 0.5 mg BSA dissolved in

sterile water . Control groups included sensitized unchallenged as well

as unsensitized challenged rats.

Blood samples were collected from the pleural cavity 7 hr after the

time of challenge and processed as previously described (5) for the

determinat ion of p lasma zinc (10) and iron (11) concentrations. Livers

were extirpated immediately after exsanguination and processed for the

isolation of MT by the combined procedures described by Sobocinski et al.

(5 ) . These procedures include preparation of liver homegenatc~ . high—speed

ce ntr i f uga t i on , hea t—dena turat ion , acetone f r a c t i o n a t i o n, and sodium

dodccvL suLfa te—polvacrylamide gel electrophoresis (SDS—PAGE) .

~~ ta1lothioneins were labelled in viva (5) with a pulse dose of 65Zn,

10 ~~i/l00 g body weight  ( ca r r i e r—free  65Zn, New England Nuclear)
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administered ip immediately after the time of challenge. 
65
Zn—ac tivity in

hepat ic MT f ractions was determined as pr eviously descr ib ed and expr essed

as cpm/ml heated cytosol (5) . Protein content of MT fractions was not

determined since neither biuret nor Lowry procedures y ield valid r esults

(12) . In some experiments relative hepa tic MT content between various

expe rimental groups was estimated by gravimetric analyses of pea k ar eas

obtained by densitometry (Cor ning 740 system) of stained gels a f t er

SDS—PAGE ( 5). Zinc content of MT fract ions was determined by atomic

abso rption spectrophotometry (10) .

In certain experiments , actinomycin D (Calbiochem) pretreatment was

used to inhibit MT synthesis (13) and was administered sc (0.08 mg/l OO g

bod y weight) to sensitized rats 1 hr prior to challenge. Control rats

received an equivalent volume of propy lene glycol used to solubilize the

actinomycin D (5).

D i f f e rences between group means were evaluated for significance by

one—way analysis of variance. A P value < 0.001 was considered significant.

Resul ts

The e f f ec t of sensitization with or wi thout  subsequent challenge and

challenge without sensitization on plasma concentrations of zinc and iron

is shown in Table I. Challenge of rats sensitized with 5 mg BSA produced

a significant decrease in zinc and iron concentrations when compared to

values obtai ned in sensitized unchallenged rats or those animals which

received only the standard challenge dose of 0 .5 ng BSA. In addition to

the e f f e c t  on p lasma zi nc concentration in sensitized rats , challenge

induced a s i~;n if ican t  increase in the Zn and 65Zn content of the hepat ic

MT f ract ion when compared to controls.  The e f fec t of sensit izat ion or

6
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challenge alone on the zinc content of the MT fraction was similar.

Typical SDS—PAGE separation of the two MT variants, forms A and B

(5), isolated from livers of rats sensitized with 10 mg BSA and challenged

14 days later with 0.5 mg antigen is shown in Fig. 1. Normally, only a

very small amount of MT is detectable in livers of control animals. The

behavior of these MT forms on SDS—PAGE was identical to that previously

described by us for MT isolated from livers of infected rats (5).

In a second series of experiments, a 10 mg sensitizing dose of BSA

and actinomycin D pretreatment was used to demonstrate the inducibility

of MT during hypersensitivity reactions. The effect of sensitization with

the higher dose of BSA and subsequent challenge on plasma zinc and iron

concentrations is shown in Table II. In contrast with the data obtained

with a 5—mg sensitizing dose (Table I), challenge with the same amount of

BSA produced a greater decrease in plasma zinc and iron. Other data

presented in Table II demonstrate that sensitization with 10 mg antigen

rather than 5 mg (Table I) increases the amount of MT—associated zinc (NAZ)

by a factor of 2.4.

Pretreatment of sensitized rats with actinomycin D prior to challenge

significantly reduced MAZ as well as MT content when compared to drug

controls and prevented the hypozincemia associated with challenge in these

rats (Table II). In contrast, actinomycin D pretreatment had no apparent

e f f e c t  on the  depression of plasma iron induced by hypersensitivity reactions.

Discuss tori

Results obtained in this study have added to our previously published

evidence (5—7)  document ing the apparen t  fundamenta l  importance of hepatic

MT in al tered zinc homeostasis occur r ing  in disease states and a f t e r  the

7
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adminis t ra t ion  of phlog istic agents .  Others (14) have recently reported

an increase in hepat ic  MT content  during stresses which included cold

exposure and strenuous exercise. The induction of hepatic MT is also

known to occur after the administration of various heavy metal salts (15)

and during food restriction (13). It is unknown whether a common FL~mulus

- 
or several different stimuli exist to explain MT induction in se€~dngly

unrelated stresses.

To explain the hypozincemia and hypoferremia associated with

hypersensitivity reactions, Kampschmid t and Pulliam (1) proposed that

leukocytic endogenous mediator (LEN) is released from phagocytic cells

after stimulation by lymphocytic substance(s). When administered to rats,

LEN has been shown to induce numerous host metabolic responses which

include depressions in plasma zinc and iron concentrations (16). A

similar concep t has been previously used to explain the etiology of fever

during delayed hypersensitivity (17). Evidence presented by Atkins and

Francis (17) suggests that lymphocytes produce lymphokine—like substances

which stimulate phagocytic cells to produce endogenous pyrogen (EP), the

mediator of febrile response. Controversial evidence exists, however ,

concerning the differentiation of LEM and EP (18, 19). Although the

model used in the present studies was originally described as “delayed”

hypersensitivity (1) it has not been established , to the best of our

knowledge, to what extent the measured responses to antigen challenge

involve an t ibody  and/or  cel l—mediated immune responses . The use of an

ip inj e c t i o n  and the  rapid responses of serum zinc and hepat ic  MT suggest

tha t t~ 11I acute forc iat ion  of an t igen—ant ibody  comp lexes const i tu ted the

tr i g g er i n g  ~t umu lu s .  In the absence of conclusive proo f , the involvement

of ~EM in ~he hypo zincemia and hypoferremia of hypersensitivity reactions

8
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remains highly speculative. Although we have shown that LEM administration

to rats can induce MT—like hepatic zinc—bipding proteins (7), we have

been unable to demonstrate a direct effect of LEM on the perfused rat

liver with respect to MT induction (unpublished observations).

In contrast to the proposed role of LEN as a mediator of inflammatory

hvpoferremia (20, 21), recent data presented by Van Snick et al. (22)

indicates that leukocytic lactoferrin mediates plasma iron depression

during inflammatory stress. This evidence together with that obtained

in this study concerning MT and plasma zinc depression suggests a key

role for these two distinct metalloproteins in modulating plasma zinc

and iron homeostasis.

Our observation that actinomycin D pretreatment can significantly

reduce hepatic MT content is compa tible with the concept that new mRNA

is required for enhanced MT synthesis (9, 23, 24). Although it is also

possible that the drug interferes with production of endogenous mediator(s)

such as LEN, no conclusive evidence is available to indicate a mRNA

requirement for the production of potential mediator(s) involved in plasma

zinc depression. The lack of complete inhibition of MT synthesis by

ac tinomy cin D may be due, in part , to the presence of endogenous mRNA

synthesized , but not translated , during the induction of the hypersensitive

state. The dose of actinomycin D used in the present experiments has

hoer~ r~reviously shown to inhibit MT synthesis when administered as early

as 30 mm prior to induction by cadmium (24). Th~ apparen t lack of a

s to ich iometr i c  re la t ionship  between changes in plasma zinc concentration

and hepatic MT content in drug—treated rats may be attributed to the

effect of actinomvcin D on zinc clearance from blood (13).

9
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It appears reasonable to conclude that evidence obtained in this

stud y and others  (5—7 , 14) indicates tha t -MT induction is a common f ea tu re

of altered plasma zinc homeostasis. To fully understand the pivotal role

of MT in zinc metabolism, the event(s) leading to the initiation of mRNA

synthesis must be further defined .

Summary

Recent evidence indicates that hypersensitivity reactions, produced

in rats by the administration of a protein antigen, alters plasma zinc

and iron homeostasis by depressing concentrations of these trace minerals.

Studies were performed to determine if hypozincemia occurs as a consequence

of redistribu tion of zinc from plasma to liver by a mechanism involving

enhanced hepatic metallothionein (MT) synthesis. MT, a high

cystein—containing cytop lasmic pro tein , possesses a high affinity for zinc

and other heavy metals and has been implicated in zinc homeostasis .

Antigen challenge (0.5 mg BSA) in rats previously sensitized with

either 5 or 10 mg BSA produced a s ign i f i can t  decrease in p lasma zinc

and iron concentrations w i th in  7 hr in an apparent dose—dependent manner.

Plasma zinc depression was accompanied by an increase in hepatic MT

content as well as MT—associated total  Zn and 65Zn used to pulse—label

the metal loprotein.  The depression in plasma zinc , but not iron , and

the enhanced synthesis of MT was s ign i f ican t ly  reduced by prior trea tment

of rats with actinomycin 0. This find ing suggests a requirement for new

mRN -\ synthesis for zinc , but no~ iron altera tions during hypersensitivity

reactions. Results support the concept that induction of hepatic MT may

be a comm on mechanism involved in altered plasma zinc homeostasis

r cga rdle,s  of the  i n i t iat i ng  pathophvsiologic  condition.
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LECENI ) s TO FIGURES -

Figure 1. Typical separation by SDS—gel electrophoresis of A and B forms of

metallothjonejns isolated from livers of BSA—sensitized rats with (left) and

without (right) antigen challenge. Migration was towards anode £ or 1.5 h at

ambient temperature and constant current (2.5 mA/gel). Amount of material

applied to each gel was obtained from equivalent quantities of hepatic cytosol

(see Ref. 5). Material migrating ahead of metallothioneins has not been

identified.
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